Collisional activation of selected conformations by multidimensional ion mobility spectrometry (IMS-IMS), combined with mass spectrometry (MS), is described as a method to determine semiquantitative activation energies for interconversion of different structures of the nonapeptide bradykinin (BK, Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg). This analysis is based on a calibration involving collisioninduced dissociation measurements of ions with known dissociation energies (i.e., "thermometer" ions) such as leucine enkephalin, BK, and amino acid-metal cation systems. The energetic barriers between six conformations of [BK + 3H] 3+ range from 0.23 AE 0.01 to 0.55 AE 0.03 eV. Prior results indicate that the major peaks in the IMS distributions correspond to specific combinations of cis and trans configurations of the three proline residues in the peptide sequence. The analysis allows us to directly assess pathways for specific transitions. The combination of structural assignments, experimentally determined barrier heights, onset of the quasi-equilibrium region, and dissociation threshold are used to derive a semiquantitative potential energy surface for main features of [BK + 3H] 3+ .
Introduction
The biological activity of polypeptides is intrinsically tied to the structures and dynamics of the interacting species [1] . It is therefore important to consider not only the native structure, which is often assumed to be a single geometry of low energy, but also the ensemble of other structures that may exist transiently. A valuable means of understanding the multitude of possible structures and pathways associated with specific transitions is through examination of a biomolecule's energy landscape. In the past 20 years, conventional views of the "protein-folding problem" shifted from a strict pathway-dependent model involving a series of on-and off-route intermediates [2] [3] [4] , to a more diffusiondriven funnel concept [5] [6] [7] [8] . The latter idea involves a roughsurfaced landscape that consists of many local minima along a generally downhill path to the global minimum, i.e., the native structure [6] . These models help us to visualize the major structural transitions in proteins and guide computations; with a few exceptions [9, 10] , a detailed understanding of intermediate states (and transitions between them) is lacking -largely because of the inability of existing experimental methods to isolate and probe key intermediates, and assess barriers and pathways associated with specific transitions along the potential energy landscape.
In this paper, we analyze the nonapeptide bradykinin (BK), having the sequence Arg-Pro-Pro-Gly-Phe-Ser-Pro-Phe-Arg after it has been electrosprayed into the gas phase as [M + 3H] 3+ ions. BK is a peptide hormone, which was successfully isolated by Andrade and Silva in 1956 [11] and in 1964 was used as the first biologically relevant application of Merrifield's solid-phase peptide synthesis approach [12] . Because of its relatively small size and the fact that it was available synthetically, BK has become an important model system for structural studies in solution as well as the gas phase. In the gas phase (the emphasis of this paper), Bowers and co-workers chose BK as the first peptide to be studied by ion mobility spectrometry (IMS) techniques [13] . The mobility of an ion through a buffer gas under the influence of a weak electric field depends upon the ion's shape and charge [14] [15] [16] [17] [18] . Their first measurements, combined with detailed molecular modeling [19] and collision cross section calculations [20] [21] [22] , showed that singly charged BK adopts a tightly-folded globular structure. In other early studies of BK in the gas phase, Williams and co-workers investigated the reactivity of a series of chemically modified and amino acid deletion and substitution sequences, and showed that this ion exists as a "salt-bridged" structure [23] . Numerous other subsequent studies [24] [25] [26] [27] [28] [29] appear to be consistent with these findings.
Recently, we extended the studies of BK in the gas phase to include structural insight into the triply charged ion. The IMS distribution for the [BK + 3H] 3+ shows many peaks and thus is substantially more complicated than the single peak observed for the singly charged ion. In this paper, we use multidimensional ion mobility spectrometry-mass spectrometry (IMS-IMS-MS) measurements to obtain a semi-quantitative understanding of the potential energy surfaces associated with the multitude of stable [BK + 3H] 3+ conformers. In this approach, electrosprayed [BK + 3H] 3 + ions are separated in an initial drift tube, and enter a selection and activation region [30] [31] [32] [33] . By studying the energetic thresholds necessary to convert one structure into another, we gain an understanding of the barriers and pathways between different [BK + 3H] 3+ conformations.
We begin this study with a substantial amount of prior insight about the BK system. We reported evidence for at least ten independent conformer states that vary in abundance when solution compositions (aqueous and non-aqueous mixtures of varying proportion) are changed [34] . In additional studies we investigated a set of alanine-substituted BK-analogue peptides [35] . These results showed unambiguously that the major features in the [ 3+ conformations, and found that above a critical activation voltage all of the separated conformers that are produced by electrospraying BK will reach a gas-phase quasi-equilibrium (QE) distribution [36] . This is important as it allows us to distinguish between features that correspond to conformers coming from solution and those that are formed by activation in the solvent-free, gas-phase environment.
Experimental methods

Sample preparation
BK (!98% purity) and leucine enkephalin (YGGFL, !95%) were purchased from Sigma-Aldrich (St. Louis, MO, U.S.A.), and used as received. Peptide ions were produced by positive-mode electrospray ionization (ESI) of 10 À5 M solutions in 49:49:2 water: methanol:acetic acid. Amino acids (AAs) asparagine, aspartic acid, glutamic acid, glutamine, methionine, and proline (>99%, Fluka;
Buchs, Switzerland) were dissolved in 50:50 (% volume) acetonitrile:water solutions at a concentration of $10 À3 M. 
Instrumentation
A schematic diagram of the two-meter IMS-IMS-time-of-flight MS instrument used in these studies is shown in Fig. 1 . IMS theory [20, 22, 37, 38] and applications [39] [40] [41] [42] [43] [44] [45] [46] are described in detail previously. A brief description of the experiment is as follows: ions were produced by a chip-based ESI autosampler (Advion Biosciences, Inc., Ithaca, NY, U.S.A.) and trapped in an ion funnel [47, 48] labeled F1 in Fig. 1 . A 150 ms-wide pulse applied to G1 was used to gate a packet of ions into the drift tube. Driven by a 10 V Â cm À1 electric field, the ions were separated on the basis of their low-field mobilities through 3.00 AE 0.01 Torr He. Upon exiting the drift tube, ions were focused through a differential pumping region and pulsed orthogonally into a two-stage reflectrongeometry time-of-flight mass spectrometer for nested drift time (m/z) measurement [49] .
Multidimensional IMS
The drift tube illustrated in Fig. 1 is divided into two effective drift regions (D1 and D2) by ion funnel F2, which also contains 3.00 AE 0.01 Torr He buffer gas. One purpose of funnels F2 and F3 is to refocus radially diffuse ions toward the center axis to avoid ion loss through the instrument; this is accomplished through the use of an rf-focusing component, as well as operating at a slightly higher (12 V Â cm
À1
) linear electric field. F2 also contains non-rf ion selection (G2) and ion activation (IA2) regions utilized in these multidimensional IMS experiments. A delay pulse lowers a repulsive potential across G2 for 30-100 ms, thus allowing ions with a narrow range of mobilities to pass; all other ions reach an electrostatic-potential barrier and are neutralized. Timing of the delay pulse is adjusted with respect to the initial source pulse from G1 in order to isolate ions of a desired mobility from the total distribution. A new population of ions can be formed from the selected ions prior to entering D2 by application of a voltage drop across the 0.3-cm activation region (IA2); for these experiments, the ion activation voltage (V) was varied between 0 V and 260 V ($0-870 V Â cm À1 above the drift field) to collisionally activate ). Upon exiting the high-field IA2 region, ions are thermalized to room temperature (298 K) and drift through D2.
Collision cross section measurements
Collision cross sections (V) of ions were determined from drift times (t D ) according to the following relationship [14] :
where k B is the Boltzmann constant, T is temperature (298 K for these studies), m I and z are the mass and charge of the ion, respectively, m B is the mass of the buffer gas, E is the electric field, L is the length of the drift tube, P is the pressure, and N is the neutral number density of the buffer gas at standard temperature and pressure. [35] . Random-coil geometries were obtained from energy minimized structures before initiating dynamics steps that would allow the ion to fold and establish energetically favorable intramolecular interactions; initial, extended structures of BK were randomized, followed by 1000 cycles of steepest descent (1 kcal/mol Â Å tolerance) and conjugate gradient (0.01 kcal/mol Â Å tolerance) energy minimization; the resulting structures were saved. Representative lowenergy BK trial geometries were obtained through dynamics simulations performed at 298 K in vacuo (dielectric constant, e = 1) for 20 ns (1 fs step); structures were energy minimized (as described above) and saved every 100 ps; each energy-minimized structure served as the input for the subsequent round of dynamics. Trajectory method collision cross section values were calculated using MOBCAL [22, 50] . selections A-F, and thus signifies the formation of the QE distribution, which we have described in detail previously [36] . Below, we focus on the thresholds for conformational transitions in each of these six IMS-IMS-MS data sets.
Molecular modeling
Results and discussion
Threshold analysis
We begin by noting that we have used an arbitrary definition of a change in relative intensity of 1% as an indication for a threshold event; in these data, this value represents a point at which the signal-to-noise ratio is sufficient to confidently detect the formation of a new ion population. This approach is similar to one used by Cassady et al. [51] , and is not based on statistical theories as are more rigorous methods for threshold analysis developed by Armentrout and co-workers [52, 53] . We note that in most cases the barriers for interconversions reported here are selfconsistent for the six BK conformations we studied; however, limitations of this method are discussed below.
The region associated with the threshold for activation for
3+ transitions is expanded to the right of each plot in Fig. 3 .
From this figure we see that some of the transitions are easily distinguished, requiring very different voltages at threshold to induce a transition. For example, the formation of B and C from selection and activation of conformation A are separated by 8 V (18 and 26 V, respectively). Similarly, the thresholds to form A and B from activation of conformer C are very different ($36 and 27 V, respectively). These data indicate measurable differences in the energy barrier heights between specific state-to-state transitions. Thresholds for [BK + 3H] 3+ conformers A (23 V) and C (24 V) formed from activation of B, however, are very similar; these data suggest very similar barrier heights for these particular transition events. It is important to note that activation of elongated conformers D, E and F only produce conformers A-C, and transitions between the elongated conformers were not observed. Conversely, the activation barriers can be measured in both forward and reverse directions for interconversions that involve only conformers A-C. This point is discussed in more detail below. The threshold data presented in Fig. 3 and the relative differences between all of the various transitions are somewhat interesting in a qualitative sense; however, expression of these activation magnitudes as energies (instead of instrument-specific voltages) is more broadly relevant towards understanding peptide structure and conformationspecific thermochemical information. Conformations A-F are labeled as previously assigned [36] . Low-energy trial geometries for A-C in agreement with experimental collision cross section values (within 2%) and cis/trans proline assignments detailed in-text.
Development of an IMS-IMS activation energy (E a ) scale
In order to convert the IA2 excitation voltage measurements into energies, we have developed a relatively simple calibration. This calibration is based on IMS-IMS measurements of CID thresholds of well-characterized systems, using conditions that are similar to those used for the QE study [36] . These systems include CID of BK, [ [52, 53, 55, 56] ; moreover, the relatively small size of these systems makes them amenable to high-level theoretical calculations (e.g., ab initio and density functional theories) that are often used to corroborate the experimental measurements of bond dissociation energies. Monomer ions of ten cationized AAs were selected by IMS-IMS, and voltage-resolved activation was performed up to voltages that achieved 100% precursor ion dissociation (data not shown). CID thresholds were determined by the onset of selected precursor ion fragmentation according to the 1% criteria described above. With the exception of the lithiated AAs, the fragmentation threshold was indicated by the appearance of the lone metal cation. For [Pro + Li] + and [Met + Li] + , however, internal fragmentation resulting in neutral losses were observed at the fragmentation threshold, as reported previously [57, 58] . Table 1 lists the ten cationized AA systems used for this part of the study and their respective dissociation thresholds [57] [58] [59] . In addition to increasing the number of measurements for the voltage-to-energy calibration, the [AA + Cat] + data fill out the range of IA2 voltages similar to those that bring about conformational changes in peptides. Although IMS-CID-IMS-MS applied to small, well-characterized systems appears promising as a means of calibration, we were concerned about extrapolation of these energetic values to systems of higher complexity. Therefore, to bridge the gap of the small calibrated systems to the larger BK ion, we also carried out IMS-CID-IMS-MS selection and activation studies of another well-characterized "thermometer" ion, protonated YGGFL. The thermochemistry of [YGGFL + H] + has been examined by numerous MS techniques, leading to it being termed "a mass spectrometry standard" [60] . The lowest-energy fragmentation pathway for protonated YGGFL is the b 4 ion. As an example of the CID threshold analysis, the relative abundance of b 4 as a function of IA2 activation voltage is shown in Fig. 4 . A value of 1.21 AE 0.25 eV was used as the E a for dissociation of [YGGFL + H] + to b 4 , which is the average of nine independent measurements from various ion activation techniques [60] . Although YGGFL is considered a well-characterized system, the wide range of published E a values (0.945-1.66 eV) demonstrates that ion activation studies are altogether not as straightforward as the term "model system" might suggest. Fig. 5a shows the published E a values plotted versus CID voltage thresholds (multiplied by ion charge) from IMS-IMS-MS. It is clear to see from the plot that there is extremely poor correlation between the measurements and the literature data, suggesting that some important factor is missing. To relate all of the systems for the energy calibration, the number of vibrational degrees of freedom must also be taken into account [61, 62] . Collisional activation is considered an ergodic, or slow-heating, process which results in statistical distribution of energy into all of the internal modes of the ion [63, 64] . Adjusting our calibration for degrees of freedom is a crude normalization for two effects; both the average internal energy of a thermalized ion and the average lifetime of an activated ion are proportional to the number of degrees of freedom [65] [66] [67] . Examples from recent MS studies support this idea by systematically demonstrating degrees of freedom are linearly correlated to characteristic CID energies of peptides and linear polymers [68, 69] . Fig. 5b represents a calibration curve in which published E a values are plotted versus IA2 thresholds for dissociation of BK, YGGFL, and ten cationized AAs (in units of threshold voltage Â charge, per degree of freedom). A weighted linear regression fit [70] to these data points was calculated with the y-intercept set to the kinetic energy of an ion at room temperature (3/2 kT, i.e., 0.039 eV), which represents the energy of ions under non-activating conditions in the 298 K drift tube. This revised calibration curve (slope = 1.590 AE 0.030), which incorporates the number of degrees of freedom in each system, shows a strong linear relationship.
Energies of conformational transitions
The revised calibration curve derived above was used to determine energetic barriers for each experimentally observed structural transition between [BK + 3H] 3+ conformers. The E a values are reported in Table 2 along with their associated uncertainties determined through propagation of error in the IA2 voltage measurements and the uncertainty in the slope of the weighted linear regression. As mentioned above, the transitions between the A-C structures allow us to examine the activation barrier from different directions. One caveat with this method is that it cannot directly take into account entropy [63, 64, [71] [72] [73] [74] [75] .
That is, the current interpretation assumes that the transition states are similar in terms of entropy of activation; i.e., the forward and reverse structural transitions are either both loose, or both tight. This seems to be the case for many of the transitions examined in this system, however, possible evidence for entropic effects are discussed below. The thresholds for converting A to B and B to A were found to be measurably different, 0.23 AE 0.01 and 0.28 AE 0.02 eV, respectively. Therefore, the potential well for B must be placed lower relative to that of A by 0.05 AE 0.03 eV. For the transition from conformer B to C we determine E a = 0.29 AE 0.02 eV and from conformer C to B we obtain a value of E a = 0.33 AE 0.02 eV. These values indicate that the potential energy well for C lies slightly below the well for B by 0.04 AE 0.03 eV. And finally, the transition from conformers A to C occurs at E a = 0.31 AE 0.02 eV, and a value of E a = 0.42 AE 0.02 eV in the reverse direction for transition from conformer C to A. This latter result indicates that conformer C is more stable than A (consistent also with the relative intensities of the three peaks under QE conditions). Furthermore, the difference between A and C (0.11 AE 0.03 eV) is equal within error to the sum of A/B and B/C difference values (0.09 AE 0.04 eV), as expected.
Energetic barriers associated with the D-F conformers to other structures could only be determined for specific transitions. This is because the D-F states cannot be produced from any other conformer, at any activation energy used in these studies. Presumably these states require solvent to be formed, and are only produced directly from ESI of specific solutions [34, 76] . Overall, we find that higher energies are required to convert elongated conformations D-F to the A-C states. For instance, the threshold energy for the formation of conformer A from selected conformer F is 0.55 AE 0.03 eV. Although these high E a values might suggest higher entropies of activation or very deep potential wells, the relative well depths cannot be assigned without information about formation of the elongated conformations from other selected states.
Semi-quantitative potential energy surfaces for conformations of [BK + 3H] 3+
It is instructive to use the barrier heights and relative well depths to generate a potential energy surface for this system. Fig. 6 shows a semi-quantitative potential energy diagram for the different conformers of [BK + 3H] 3+ , constructed from data described above. Minima along the surface signify low-energy conformations of [BK + 3H] 3+ resolved by IMS. When all of the measured E a values for transitions between conformers A-C are taken into account, the barriers between the states are most consistent with the wells for A-C placed relative to one another at 0.09 AE 0.02, 0.04 AE 0.02, and 0.00 AE 0.02 eV, respectively. With these potential wells fixed, the magnitudes of the barrier heights can be considered by adding each threshold E a to its corresponding relative potential well value. Thus, the energy barrier between A and B states was determined to be 0.32 AE 0.04 eV, which is equal within error to the 0.33 AE 0.04 eV barrier between B and C. Although these two barrier heights are very close in magnitude, replicate experiments for IMS-IMS activation of B always resulted in the formation of A before C. Based on the barriers between states A and B, and B and C, one expects that the barrier for formation of A directly from C should be limited by the highest barrier, i.e., the barrier between states B and C, which is 0.33 AE 0.02 eV higher than the lowest energy C structure. However, in numerous measurements we find that the energy required to form A directly from C is somewhat higher, leading us to a barrier for this transition of 0.42 AE 0.02 eV. Similarly we find that formation of state C from A also occurs at a higher energy 0.31 AE 0.02 above the minimum energy for A. This indicates that the A $ C interconversion occurs along a different pathway. That is, there are two distinct routes between these conformers: one that involves the intermediate conformer B; and another direct route that requires $0.1 eV more energy. While alternate pathways provide one possible explanation, another possibility is that this difference in energies is due to entropic effects. With the barriers between conformers A-C in place, it is interesting to consider what is expected at higher degrees of activation. At intermediate energies (between 0.42 AE 0.02 and 0.59 AE 0.03 eV), activation will result in changes in conformation; but the QE distribution will not be established. Above 0.59 AE 0.03 eV, activation of any precursor leads to the formation of constant ratios of A ($2%), B (16%), and C (80%), which we have previously called the QE region prior to precursor dissociation [36] . Using these QE values as the equilibrium constant, K, in the expression for standard Gibbs free energy (DG ) yields values of 0.103 AE 0.004, 0.047 AE 0.005, and 0.006 AE 0.001 eV for A-C, respectively, in excellent agreement with each respective potential well depth determined by threshold IMS-IMS measurements.
Thus far, our potential energy diagram is based on transitions that are observed for structures that can be produced in the gas phase. Fig. 6 also illustrates how structures D-F, which appear to require solution, fit into this scheme. The barriers for states D-F (determined from the thresholds shown in Fig. 3) show that these transitions occur at higher energies than those associated with BK ion conformations that are observed to interconvert in the gas phase. This suggests the elongated D-F states might need to overcome an entropic penalty in order to form the gas-phase preferred A-C conformers. It suggests the elongated conformers were formed through solvent-molecule interactions, and are trapped during the ESI process [34, 76, 77] , are actually lower in energy than the A-C gas-phase structures. In this case it appears that solvent helps to guide peptide ions to these configurations, and that once the solvent is eliminated, these structures remain low in energy. We are still investigating why these transitions appear to be restricted, in that conversions of A-C to any of the elongated conformations are "forbidden" in a solvent-free environment.
Precursor ion fragmentation occurs at energies beyond 0.80 AE 0.09 eV. One final set of data we include in Table 2 are the fragmentation thresholds of each individual conformer. We expected A to dissociate first, followed by B, then C with values of 0.70 AE 0.04, 0.75 AE 0.04, and 0.79 AE 0.04 eV, respectively, on the basis of the relative well depths and the threshold dissociation value of 0.79 AE 0.03 eV from McLuckey and co-workers [54] . The values, however, are opposite in relative ordering with A being 0.85 AE 0.08 eV (0.76 AE 0.08 eV E a plus the initial well depth of 0.09 AE 0.02 eV), B being 0.79 AE 0.08 eV, and C being 0.74 AE 0.08. With the exception of A, these values are within the combined errors in expected and measured values. Nevertheless, this indicates our ability to measure IMS-IMS activation thresholds at higher energies is limited. It is worth noting that we have gone on to test the relative well depth ordering of BK A-C through parallel CID experiments [43] where, in a single IMS-MS/MS experiment, all three conformers are activated at the exit of the drift tube, thus affording direct comparison of CID thresholds; in this case, the relative thresholds agree with the well depths we have derived from barrier heights.
A final feature of this surface is associated with the loss of structure at higher energies with respect to the onset of fragmentation. One interesting finding involves the energies that we calculate for simulated random-coil structures of BK (relative to the low-energy trial geometries shown in Fig. 2 ). These calculations suggest that a random coil lies substantially higher in energy than do the products of fragmentation, thus indicating that fragmentation product ions must have relatively stable, defined geometries. That is, the fragment ions either retain some elements of structure from the precursor, or they rearrange to form stable products during the dissociation process. This is in agreement with the extensive body of work surrounding formation of oxazolone and diketopiperazine structures in peptide ion fragmentation [78] [79] [80] [81] [82] [83] .
Conformational transitions rationalized in terms of cis/trans assignments
In prior work, we used an IMS-MS analysis of alaninesubstituted analogues of BK to assign the dihedral configurations of Xxx-Pro 2 , Pro 3 , and Pro 7 peptide bonds in conformers A-C as CCC, CTT, and TTC, respectively [35] , as labeled in Fig. 6 . The energetic analysis presented above provides additional insight about how transitions between structures occur. Scheme 1 lists all eight possible cis-and trans-Pro combinations and A-C assignments. We begin by noting that all of the cis/trans assignments that we find for peaks A-C differ by two proline cis/trans forms. That is, the A conformer (CCC) would need to convert two prolines (at the peptide bond dihedral angle preceding residues 3 and 7) to a trans configuration in order to form conformer B. Likewise, two transitions (involving residues 2 and 3) are required to form conformer C. In the absence of entropic effects, a purely enthalpic analysis of BK transitions is consistent with the connectivity between cis/trans forms shown in Scheme 1. We hypothesize that these isomeric changes must occur one at a time, and that we are simply not sensitive to this in the present analysis. Thus, we suggest that the four cis/trans combinations CCT, CTC, TCC, and TTT represent relatively unstable structures that might be intermediates between conformations A-C; this argument rests on the fact that these structures are not experimentally observed (on the basis of comparative collision cross sections of the analogs with the native BK distribution in our previous analogue peptide study This may lower cis $ trans barriers in the gas phase. Additionally, we note that although the cis $ trans conversion is associated with rotation of only a single dihedral angle in the molecule, the motion results in a large change in the overall geometry of the peptide, as illustrated in the structures shown in Fig. 2 . This case involves the need to move remaining portions of the peptide through the solvent; thus, the proline cis $ trans isomerization may encounter a large resistance for this transition, thereby increasing the magnitude of the barrier in solution compared with the gas phase. Certainly it will be important to measure the cis $ trans proline barriers for BK in solution directly in order to understand the differences associated with these transitions that arise from solvation effects. , the energy surface indicates conformer C is the lowestenergy gas-phase state, followed by B, then A. This is in agreement with the observation that C is the most abundant conformation in the gas-phase QE distribution. Consideration of cis/trans Pro isomerizations in the context of the energy surface presented here provides insight into the possible cis/trans Pro configurations of intermediates between stable BK conformations. , as previously assigned [35] .
